Abstract-We address pilot-symbol aided channel estimation (PACE) for orthogonal frequency division multiplexing (OFDM) based systems, employing multiple transmit antennas. A novel approach is presented which estimates and separates NT superimposed signals, corresponding to NT transmit antennas, by exploiting the correlation in two dimensions of the received signal. More specifically, we apply the concept of using two one dimensional (1D) estimators instead of a truly two dimensional (2D) estimator, by dividing the estimation as well as the separation task into two stages. The first stage separates a subset of the NT superimposed signals, together with estimating the channel response in the first dimension. The second stage further separates the signals of each subset in the second dimension, yielding an estimate for all transmit antennas. For a space-time block coded OFDM system we demonstrate that the proposed estimator can track the channel variations even at high Doppler frequencies.
I. INTRODUCTION
Multi-carrier modulation, in particular OFDM [1] , has been successfully applied to a wide variety of digital communications systems over the past several years. For the transmission of large data rates its superior performance in transmission through dispersive channels is a major advantage.
Transmitting a radio signal over a multipath fading channel, the received signal will have unknown amplitude and phase variations. In order to coherently detect the received signal, an accurate estimate of the channel state information (CSI) is essential. For multi-carrier systems the received signal after multi-carrier demodulation is typically correlated in two dimensions, in time and frequency. By periodically inserting pilots in the time-frequency grid, such that the 2D sampling theorem is satisfied, the channel response can be reconstructed by exploiting its correlation in time and frequency. For the single transmit antenna case, 2D filtering algorithms have been proposed for PACE, based on 2D Wiener filter interpolation. Unfortunately, such a 2D estimator structure may be too complex for practical implementation. To reduce the complexity, two cascaded 1D estimators in time and frequency may be used instead, termed two times one-dimensional (2 × 1D) PACE [2, 3] .
Systems employing multiple transmit and receive antennas, known as multiple input multiple output (MIMO) systems, can be used with OFDM to improve the communication capacity and quality of mobile radio systems. If different signals are transmitted form different transmit antennas simultaneously, e.g. for space-time coded OFDM, the received signal is the superposition of these signals, which implies new challenges for channel estimation.
The majority of the publications about MIMO-OFDM channel estimation were limited to one dimensional channel esti- mation in frequency direction [4] [5] [6] . This paper aims to extend the concept of 2D channel estimation to OFDM systems with N T transmit antennas. By doing so the channel estimator can track the channel variations even at high Doppler frequencies, allowing to support high velocities of the mobile user. The basic idea of our approach is to divide the estimation and separation of the N T superimposed signals into two stages, in the way that we first separate a subset of the N T 1 ≤ N T signals together with channel estimation in the first dimension.
In the second stage we separate the remaining superimposed signals for each of the N T 1 outputs of the first stage, together with channel estimation in the second dimension, to yield the desired estimate of the CSI. With this framework known one dimensional MIMO-OFDM channel estimation schemes can be used. For instance, a 1D estimator based on the discrete Fourier transform (DFT) [6, 7] , may be employed. In this paper, however, we choose to use two Wiener interpolation filters. By adopting N T 1 to a given scenario, such as the channel characteristics, the OFDM system parameters, and selection of the pilot grid, this approach offers an additional degree of freedom to optimize the channel estimator. Furthermore, in order to choose N T 1 other criteria may be taken into account, such as acceptable latency due to channel estimation and the computational complexity of the estimator.
The remainder of this paper is structured as follows: after a brief discription of the system model in section II, the concept of 2×1D PACE will be applied to a MIMO-OFDM system in section III, and some results for a space-time block coded OFDM system with 4 transmit antennas are presented in section IV.
II. SYSTEM AND CHANNEL MODEL
For the considered MIMO-OFDM system with N T transmit and N R receive antennas, one OFDM modulator is employed on each transmit antenna, as illustrated in Fig. 1 . For OFDM the signal stream is divided into N c parallel substreams, typical for any multi-carrier modulation scheme. The i th substream, termed subcarrier, of the th symbol block, named OFDM symbol, transmitted from antenna µ, is denoted by X inverse DFT with N FFT ≥ N c points is performed on each block, and subsequently a guard interval (GI) having N GI samples is inserted, in the form of a cyclic prefix. Subsequently the signal is transmitted over a multipath fading channel. At the receiver of the ν th antenna branch, the guard interval is removed and an DFT on the received block of signal samples is performed, to obtain the output of the OFDM demodulation Y ( ν ) ,i . The received signal consists of superimposed signals from N T transmit antennas. We assume the cyclic prefix to yield perfect orthogonality. Then, the received signal after OFDM demodulation is given by
where
,i , and N ( ν ) ,i , denote the transmitted symbol, the channel state informaion (CSI), and additive white Gaussian noise (AWGN) with zero mean and variance N 0 .
We consider a time-variant, frequency selective, Rayleigh fading channel, modeled by a tapped delay line with Q 0 nonzero taps [8] . The CSI of (1) is the Fourier transform of the channel impulse response (CIR), transmitted from antenna µ to receive antenna ν, described by
The channel impulse response (CIR) needs to be approximately constant during one OFDM symbol. The channel of the q th tap, h ( µ, ν ) ,q , impinging with time delay τ
, is a wide sense stationary (WSS), complex Gaussian random variable with zero mean. All channel taps and all antennas are assumed to be mutually uncorrelated. Due to the motion of the vehicle h ( µ, ν ) ,q will be time-variant caused by the Doppler effect, being band-limited by the maximum Doppler frequency ν max .
Note that the channel estimation blocks of all N R receive antennas are independent, provided that all receive antennas are mutually uncorrelated. Thus, the index denoting the receive antenna, ν, will be dropped in the following.
III. PRINCIPLE OF PILOT SYMBOL AIDED CHANNEL ESTIMATION FOR OFDM-BASED MIMO SYSTEMS
Pilot-symbol aided channel estimation (PACE), based on periodically inserting known symbols, termed pilot symbols, in the transmitted data sequence, was first introduced for single carrier systems and required a flat-fading channel [9] . If the spacing of the pilots is sufficiently close to satisfy the sampling theorem, channel estimation and interpolation for the entire data sequence is possible. Extending PACE to multi-carrier systems the fading fluctuations are in two dimensions, in time and frequency. In order to satisfy the 2D sampling theorem, the pilot symbols are scattered throuout the time-frequency grid, yielding a 2D pilot grid. We employ a pilot grid with equidistant pilot spacing of D f and D t in frequency and time.
To describe PACE it is useful to define a subset of the received signal sequence containing only the pilots, 1 {X
,i }, with =˜ D t and i =ĩD f . 1 As a general convention, variables describing pilot symbols will be marked with a˜in the following. 
A. Principle of 2×1D-PACE
For 2 × 1D-PACE the correlation function of the channel can be factored into a time and frequency correlation function, which enables a cascaded channel estimator, consisting of two 1D estimators. The basic idea of 2×1D-PACE is illustrated in Fig. 2 . First, channel estimation is performed in frequency direction, at OFDM symbols =˜ D t , yielding tentative estimates for all subcarriers of that OFDM symbol. The second step is to use these tentative estimates as new pilots, in order to estimate the channel for the entire frame [2] . It was demonstrated in [2] , that 2 × 1D-PACE is significantly less complex to implement with respect to optimum 2D channel estimation, while there is little degradation in performance.
B. Extension of 2×1D-PACE to MIMO-OFDM systems
In the following we extend 2×1D-PACE to a MIMO-OFDM system. Let us divide the set of N T transmit antennas into
In order to extend the pilot sequence design for an MIMO-OFDM system, we choose a set of pilot sequences which can be expressed in the product form
2˜ are the pilot symbols for the 1 st and 2 nd dimension respectively. It is important to note that the pilot symbols of the 1 st dimensionX
only depend on the subcarrier indexĩ, while the pilot symbols of the 2 nd dimensioñ X
2˜ only depend on OFDM symbol˜ . The pilot sequences are generally chosen from orthogonal designs. We use phase shifted sequences, defined by [6] 
Substituting the proposed 2D pilot sequence of (3) into the sequence of received pilots, the following is obtained
2˜ in (3) is constant with respect to the subcarrier indexĩ,Z ,ĩ in (6) may be viewed as the resulting channel response of subset µ 1 .
The task of the 1 st stage is to estimate Z
Dt,i ; that is to separate the N T 1 subsets, as well as to estimate and interpolate ,i . Fig. 3 illustrates the basic idea of the proposed scheme. With this framework known one dimensional estimators can be applied to 2×1D PACE.
C. Derivation of the cascaded Wiener filters
In the following the Wiener filters to estimate, interpolate and separate N T superimposed signals in frequency and time direction will be derived. Generally, it is of great computational complexity to use all pilots. Instead a 2D window of size M f × M t can be slid over the whole grid, with M f and M t being smaller than the number of available pilots. We assume a broadcasting scenario, that is the signal is transmitted continously. For the downlink, this scenario can also be applied for packet based transmission, in the way that near the beginning and the end of one frame pilot symbols from adjacent frames can be utilized. We employ a smoothing type filter which estimates the symbol in the center of the sliding window, which generally achieves the best performance [10] . However, buffering of D t (M t /2 − 1) OFDM symbols is required, and a corresponding time delay is induced.
1) Channel estimation in frequency direction: For 2×1D-PACE, the first step is to estimate the channel in one dimension, which we choose to be the the frequency direction. In vector notation, the received pilot sequence of OFDM symbol becomes
whereX
are the pilot sequence and the resulting CSI of subset µ 1 and OFDM symbol , respectively. Furthermore,
Channel estimation in the frequency domain (i.e. the domain after OFDM demodulation) is performed with an FIR interpolation filter, which can be expressed for the 1 st stage
The filter
Mf (∆i)] depends on the location of the desired symbol relative to the pilot
is in the center of the sliding 2 The following notation is used throughout this paper: given a matrix describing a 2D structure X, the subsets which describe the dimension corresponding to the frequency and time directions are denoted by X and X , respectively.
for subcarriers near the band edges
A Wiener interpolation filter for W ( µ 1 ) (∆i) is used, which minimizes the mean squard error (MSE) between the filtered received pilots sequence from (7), and the desired response, Z
. In this case knowledge about the channel statistics is required. The auto-correlation matrix of the received pilots in frequency direction, R ỸỸ = E Ỹ ˜ ,ĩỸ ˜ ,ĩ H , is described by
The correlation matrix R
HH
, is the sum of the corresponding correlation matrices of the CSI of subset µ 1 . The auto-correlation matrix of AWGN is described by N 0 I, where I denotes the identity matrix. The cross-correlation vector between the received pilots and the desired response is given by (10) with i =ĩD f + ∆i and R
,iZ
. In the above equation we have utilized the assumption that all transmit antennas' signals are mutually uncorrelated.
2) Channel estimation in time direction:
In the 2 nd stage the tentative estimates of the 1 st stage (8) , for the N T 1 subsets and for each sucarrier, is processed further in time direction. In order to estimate H ( µ ) ,i , we use the tentative estimates at subcarrier i and subset µ 1 
], which are in the form
The
, is used to separate the remaining N T 2 signals of subset µ 1 . Furthermore, the additive term ε ˜ ,i
T comprises the estimation error of the 1 st stage, which is for entry˜ :ε
.
Performing filtering and interpolation in the 2 nd stage generates N T 2 outputs for each of the N T 1 inputs of (11), yielding a total of N T outputs for the desired CSI estimate
represents the FIR interpolation filter of the 2 nd stage with filter delay ∆ = D t˜ − . We employ a smoothing type filter with
In analogy to the 1 st stage, the optimum approach to estimate H ( µ ) ,i is to use a Wiener interpolation filter, that is
. The correlation matrix of the 1 st stage, R
H , containing the tentative estimates of (8), is defined by
εε (13) where
εε is the correlation matrix of the 1 st stage estimation error,ε ˜ ,i ( µ 1 ) . The estimmation error will, in general, be dependent on subcarrier i, and so will be R ( µ 1 ) εε . However, 2×1D filter design calls for two independent filters in frequency and time. Thus, in order to make (13) frequency independent, we use the approximation:
The cross correlation vector between the CSI at the desired position and the outputs of the 1 st stage can be expressed as
Again, it has been assumed that all transmit antennas' signals are uncorrelated.
3) Mismatched estimator: For the Wiener filter in time and frequency described above, the auto and cross-correlation matrices at the receiver need to be estimated. Alternatively, a robust estimator with a model mismatch may be chosen [2] . That is to assume a uniform power delay profile with maximum delay, τ maxw , and a rectangular Doppler power spectrum with the maximum Doppler frequency, ν maxw , which are to be expected in a certain transmission scenario, i.e. worst case propagation delays and maximum expected velocity of the mobile user. In order to determine the channel estimators from (8) and (12), only τ maxw , ν maxw , and the highest expected SNR γ w are required. Since the guard interval (GI) is commonly chosen such that it corresponds to the worst case maximum delay of the channel, we set τ maxw equal to the GI duration.
D. MSE analysis
The MSE of an arbitrary 2D estimator
T accounts for the received pilot sequence in frequency and time, and is used to determine the 2D correlation functions RỸỸ and R ( µ ) HỸ (∆ , ∆i). Note that, (15) is valid for any estimator W ( µ ) with or without model mismatch. For 2×1D PACE the two 1D estimators of (8) and (12) are used, so
(16) where the ⊗ operator denotes the Kronecker product.
IV. RESULTS
The performance of the proposed 2×1D estimator is evaluted by using (15) for the MSE, and by computer simulations for the bit error rate (BER). An OFDM system with N T = 4 transmit and N R = 1 receive antennas is used. The system parameters of the OFDM system and of the channel model were taken from [11] , and are shown in Table I . The OFDM symbol duration with and without the guard interval is denoted by T sym = (N FFT + N GI )T spl and T = N FFT T spl , respectively; T spl accounts for the sample duration. The channel is modeled by a tap delay line model with Q 0 = 12 taps, a tap spacing of ∆τ = 16 · T spl , with an exponential decaying power delay profile, illustrated in Fig. 4 . The independent fading taps are generated using Jakes model having a U-shape Doppler power spectrum [12] . The maximum Doppler frequency of each tap was set to ν max =0.01·T sym , corresponding to a mobile velocity of about 230 km/h @5 GHz carrier frequency. The parameters of the mismatched channel estimator are also depicted in Table I . The pilot spacing in frequency and time must satisfy the 2D sampling theorem, which requires that D f τ max /T ≤ 1 and ν max T sym D t ≤ 1/2 [2] . With the system parameters from Table I we obtain D f ≤ 5 and D t ≤ 38. In [2] two times oversampling was suggested for a good compromise between pilot symbol overhead and performance. For MIMO-OFDM channel estimation, however, the oversampling factor should be larger than two, to allow separation of the N T antennas' signals. A pilot spacing of D f =2 in frequency and D t =8 in time was used throughout.
In order to generate BER curves, an OFDM system using a space-time block code (STBC) with N T = 4 transmit antennas has been implemented. For the OFDM parameters from Table I , the coherence time is much larger than the coherence bandwidth. Hence, the STBC was arranged in the OFDM system such that 4 adjacent symbols of the same subcarriers are STBC encoded by 3 data symbols [13] , using the code proposed in [14] . The total transmit power of the system is fixed, such that the total transmit power of a N T antenna system is equivalent to a single antenna system. No outer channel coding has been employed.
In Fig. 5 the MSE performane is plotted for different subset sizes N T 1 , by evaluating (15), and averaging over all and i. The performance is significantly better, especially for M t =8. The reason is that the model mismatch in time direction is smaller while the oversampling rate is higher. By splitting the sepation of the N T signals in two stages, i.e. setting N T 1 = 2 and N T 2 =2, the best performance is achieved, for E b /N 0 > 8 dB. In any case, it is seen that little is gained by setting M f > 32, independent on N T 1 . Fig. 6 shows the subcarrier dependent MSE at E b /N 0 = 20 dB. While little is gained by setting M f > 32 for the mismatched estimator (plotted with dashed lines), for an estimator perfectly matched to the channel statistics (plotted with solid lines), there is a singificant MSE improvement, by choosing M f = N P f = 386, i.e. using all available pilots in the 1 st stage, with respect to the truncated filter size M f =32.
More importantly, the mismatched filter has a singnificantly higher MSE near the band edges, as seen in Fig. 6 , which produces an error floor of the BER at high SNR, which can be observed in Fig. 7 . In other words, the channel estimation error near the band edges becomes the dominant source for bit errors at high E b /N 0 . For the matched Wiener filter, on the other hand, no degradation near the band edges is observed yielding superior performance at high E b /N 0 . For M f = 386 the matched estimator does approach the BER of a receiver with perfect CSI. This gain in performance, however, is traded with a high computational load. On the other hand, for M f = 32 there is little difference between the MSE of the matched and the mismatched estimator, for i>10 and i<N c −10 (see Fig. 6 ).
V. CONCLUSIONS
In this paper we proposed a novel approach for MIMO-OFDM channel estimation in two dimensions. The channel estimation and separation task of the N T superimposed signals were split using two cascaded one dimensional filters. By splitting the separation task into two stages, the 2×1D estimator can be adjusted to match a certain pilot grid, constraints on the filter dimensions in time and frequency, and other system parameters such as acceptable delay due to channel estimation in time direction. It was demonstrated that reliable channel estimation is possible, even for high Doppler frequencies. However, if a robust estimator with model mismatch is used the quality of the channel estimates near the edges of the band degrades.
